Insulin resistance is a major characteristic of obesity and type 2 diabetes and develops in multiple organs, including the heart. Compared to other organs, the physiological role of cardiac insulin resistance is not well understood. The heart uses lipid as a primary fuel, but glucose becomes an important source of energy in ischemia. The impaired ability to utilize glucose may contribute to cell death and abnormal function in the diabetic heart. Recent discoveries on the role of inflammation, mitochondrial dysfunction, and ER stress in obesity have advanced our understanding of how insulin resistance develops in peripheral organs. This review will apply these findings to the diabetic heart to provide new insights into the mechanism of cardiac insulin resistance.
Facts about type 2 diabetes and obesity
The prevalence of diabetes is increasing at an alarming rate, and the current world-wide diabetic population of 285 million is expected to almost double by the year 2030 [1] . In the U.S., diabetes affects 26 million people, accounting for more than 8% of the U.S. population. This disturbing trend is partly due to an epidemic increase in obesity, which is a major cause of type 2 diabetes. Recent data from the Centers for Disease Control and Prevention indicate that 68% of American adults are overweight. Daily consumption of food high in calories, along with a sedentary lifestyle, has led to the obesity epidemic. Thus, type 2 diabetes and obesity are intimately linked, and together they increase the risk of cardiovascular events, a leading cause of death in diabetic subjects [2] . Despite this apparent epidemiological evidence, how type 2 diabetes and obesity affect the heart remains poorly understood.
Insulin resistance is a major characteristic of type 2 diabetes, and similar to other metabolic organs, the diabetic heart develops insulin resistance. As we begin to understand how insulin resistance develops in peripheral organs and the underlying role of obesity, inflammation, and ER stress in this process, it is reasonable to ask whether these causal events of peripheral insulin resistance underlie cardiac insulin resistance. This article reviews recently discovered mechanisms of peripheral insulin resistance and applies them to the diabetic heart to provide new insights into etiology of diabetic heart disease.
Multi-faceted characteristics of the diabetic heart
The human heart is a challenging organ in which to investigate, diagnose, and treat anomalies and disease states. When cardiac abnormality is phenotypically apparent or when patients are symptomatic, heart disease has often progressed to an advanced stage with limited therapeutic options. There are numerous abnormalities that can be detected in the hearts of diabetic and obese subjects. Structural changes are observed in the diabetic heart of humans and animal models. Concentric left ventricular (LV) hypertrophy, with increases in LV wall thickness and LV mass index, dilated cardiomyopathy, and extracellular fibrosis are found in the diabetic heart [3] . Functional abnormalities affecting LV systolic and diastolic function are also seen in the diabetic heart [4] . Tissue Doppler and flow analysis suggests that diastolic dysfunction may precede significant systolic disorder affecting ejection fraction and cardiac output in type 2 diabetes [5] . Further, there are metabolic changes in the diabetic heart such as increased lipid oxidation and intramyocardial accumulation of triglyceride [6] . The diabetic heart is also characterized by a reduced capacity to utilize glucose and insulin resistance [7] . Lastly, the diabetic heart manifests cellular changes including oxidative stress with increased generation of reactive oxygen species (ROS), mitochondrial dysfunction, and apoptosis [8] . With such multi-faceted abnormalities in the diabetic heart, it is difficult to discern which of these events is causally associated with type 2 diabetes and which events predispose the diabetic heart for failure.
Metabolic Processes and Regulation of the Normal Heart Energy demand of the working heart
Normal cardiac function is dependent on a constant rate of ATP synthesis by mitochondrial oxidative phosphorylation and to a much lesser extent, on glycolysis. Under physiological conditions, lipid oxidation is responsible for 60~80% of cardiac energy demand with the remainder provided by glucose metabolism [9] . The main source of lipid for cardiac metabolism is supplied by free fatty acids (FFA) bound to albumin and by fatty esters present in chylomicrons and very-low-density lipoproteins. Fatty acids can be taken up by cardiomyocytes passively via diffusion across the cell membrane as well as by a proteinmediated mechanism involving fatty acid transport proteins (FATPs) and CD36 [10] . FATP1 is a 646-amino acid integral plasma membrane protein that transports long-chain fatty acids and is highly expressed in tissues with active lipid metabolism, such as the heart, adipose tissue, and skeletal muscle [10] . CD36 is a transmembrane protein that transports long-chain fatty acids and is also highly expressed in heart, adipose tissue, and skeletal muscle [11] . In addition to fatty acid transport across the cell membrane, fatty acid binding proteins (FABPs) such as adipocyte FABP (aP2) and keratinocyte FABP (mal1) are abundant low-molecular weight cytoplasmic proteins that are involved in intracellular transport and metabolism of fatty acids [12] . Fatty acid carriers play an important role in lipid uptake into cardiomyocytes because Cd36 deletion markedly reduces myocardial lipid metabolism in mice [13] .
Although mitochondrial lipid oxidation is the principal energy source for the normal heart, maintenance of cardiac glucose metabolism is important for normal cardiac function [14] . The heart is very similar to skeletal muscle in that both organs express GLUT4, the major insulin-responsive glucose transporter, and GLUT1. GLUT4 and GLUT1 account for 60% and 40% of total glucose carriers, respectively [15] . Glucose metabolism is at least 4-fold greater in heart than in skeletal muscle and adipose tissue, which may be attributed to a greater expression of GLUT4 proteins in the heart than in other organs [16] . Insulin further promotes glucose uptake into cardiomyocytes by binding to the insulin receptor on the cellsurface and activating intracellular signaling proteins. This involves auto-phosphorylation of the insulin receptor, tyrosine phosphorylation of insulin receptor substrate (IRS), and activation of phosphatidyl-inositol-3 kinase (PI 3-kinase), phosphoinositide-dependent kinase 1 (PDK1), Akt/protein kinase B (PKB), and protein kinase C (PKC)-λ/ζ [17] . Activation of insulin signaling leads to the translocation of glucose transporters (GLUT4) from an intracellular pool to the cell surface and increases glucose transport into cells [17] . Insulin also redistributes GLUT1 from an intracellular site to the surface of cardiomyocytes, but the effect of insulin on GLUT1 is smaller than its effect on GLUT4 [18] .
The importance of glucose metabolism is demonstrated by findings from mice with heartspecific ablation of Slc2a4 (GLUT4; G4H −/− ). These mice develop major morphological alterations in the heart and exhibit cardiac hypertrophy [19] . Insulin-stimulated glucose uptake is also completely abolished in the heart of G4H −/− mice, but basal cardiac glucose metabolism is elevated. Despite preserved cardiac contractile performance, ischemiaassociated stress causes profound and irreversible systolic and diastolic dysfunction in G4H −/− mice [20] . Furthermore, in mice with cardiomyocyte-selective deletion of the insulin receptor (CIRKO) basal glucose transport in isolated cardiomyocytes and insulin action on glucose uptake and glycolysis in isolated working hearts are significantly diminished [21] . The hearts of CIRKO mice are smaller due to reduced cardiomyocyte size [21] . In contrast to the G4H −/− mice, the CIRKO heart shows a global impairment in cardiac function, affecting cardiac output and power, ventricular fractional shortening, and ejection fraction [21] . While these findings implicate cardiac insulin resistance in the pathogenesis of diabetic heart disease, the underlying mechanism remains unknown.
AMPK is a major regulator of cardiac metabolism
5′AMP-activated protein kinase (AMPK), a serine-threonine kinase, is an important regulator of cardiac energy metabolism [22] . AMPK is a heterotrimer of an α catalytic subunit and β and γ regulatory subunits. Activation of AMPK is mediated by phosphorylation of the Thr 172 residue located within the α1 and α2 catalytic subunits, and this process is regulated by upstream kinases (AMPK-activating protein kinases) such as LKB1 [23] . AMPK is activated during myocardial ischemia in response to an increased AMP/ATP ratio and to stimulation by hormones, such as leptin and adiponectin [24, 25] . AMPK regulates lipid metabolism by phosphorylating and inactivating acetyl-CoA carboxylase (ACC) [26] . ACC is a biotin-dependent enzyme and catalyzes the synthesis of malonyl CoA, which is an essential substrate for fatty acid synthase and a potent inhibitor of carnitine palmitoyl-CoA transferase-I (CPT-I) [27] . Overall, AMPK acts as an important regulator of myocardial lipid oxidation by inactivating ACC and reducing malonyl CoA levels, which subsequently increase CPT-I activity and mitochondrial lipid oxidation ( Figure  1 ).
In addition to the regulatory role of AMPK on lipid metabolism, AMPK also modulates myocardial glucose utilization (Figure 1 ). AMPK acutely stimulates glucose transport into cells and chronically increases the expression of genes associated with glucose metabolism (e.g., GLUT) [29] . AMPK promotes translocation of glucose transporters from an intracellular pool to the plasma membrane, similar to the effects of insulin, and stimulates glycolytic enzymes such as 6-phosphofructo-2-kinase [29, 30] . Further, AMPK-mediated increases in myocardial GLUT4 expression were shown to involve activation of PKC isoforms, possibly PKC-ε [31] . These metabolic effects of AMPK play a crucial role in providing energy via a non-oxidative pathway (i.e., glycolysis) in the ischemic heart when oxidative metabolism of glucose and fatty acids is impaired due to reduced oxygen supply. Consistent with this notion, increased AMPK activity by 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside increases myocardial glucose transport activity and reduces cardiomyocyte apoptosis during ischemia [29, 30] . In contrast, transgenic mice expressing a kinase dead or dominant negative form of AMPK show blunted myocardial glucose metabolism and increased cardiomyocyte apoptosis in response to ischemia [32] . These findings clearly indicate an important role for AMPK in cardiac energy metabolism.
AMPK effects on energy metabolism also involve the insulin signaling pathway. In the heart, insulin stimulates ACC activity by inhibiting AMPK phosphorylation, and this accounts for insulin-mediated suppression of mitochondrial lipid oxidation [28] . Insulin's inhibitory effect on AMPK is dependent on Akt activation which may involve Akt-mediated phosphorylation of AMPKα subunits on Ser 485 or Ser 491 , that block LKB1-mediated Thr 172 phosphorylation and activation of AMPK [33] . In this regard, the contribution of insulin resistance in enhanced lipid oxidation by the diabetic heart is currently unknown. Whereas insulin antagonizes AMPK action in the heart, insulin and AMPK signaling coordinately regulate glucose metabolism in skeletal muscle, liver, and adipocytes [33] .
mTOR regulates protein synthesis and metabolism in the heart
The mammalian target of rapamycin (mTOR), a serine-threonine kinase, is a major regulator of protein synthesis, glucose and lipid metabolism, and cell growth [34] . mTOR is comprised of two multiprotein complexes: mTOR complex 1 (mTORC1) consists of regulatory-associated protein of mTOR (Raptor) and mTOR complex 2 (mTORC2) consists of rapamycin-insensitive companion of mTOR (Rictor). Insulin activation of mTORC1 causes a phosphorylation of ribosomal protein S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E (eIF-4E) binding protein 1 (4E-BP1) which promotes mRNA translation and protein synthesis [34] . A negative feedback regulation is provided by S6K1 which increases an inhibitory serine phosphorylation of IRS-1, leading to downregulation of insulin signaling [35] . Consistent with this notion, S6K1 deficiency enhances insulin sensitivity in diet-induced obese mice [36] . The mTORC2 plays a key role in insulin activation of Akt by phosphorylating Ser 473 which primes Akt for Thr 308 phosphorylation by PDK1 [34] . The Rictor plays an important role in this process since adipocyte ablation of rictor results in a loss of insulin-mediated Akt phosphorylation and dysregulated glucose and lipid metabolism [37] .
In the heart, mTOR is regulated by exercise as high-intensity treadmill running increases mTOR activity via Akt activation, and promotes a physiological hypertrophic growth in mice [38] . Other studies using rapamycin found that mTOR inhibition rescues cardiac hypertrophy induced by pressure overload, suggesting that mTOR also mediates pathological remodeling of the heart [39] . In contrast, cardiac-specific overexpression of mTOR was recently shown to protect against pressure overload-induced cardiac dysfunction that involved mTOR-mediated attenuation of interstitial fibrosis and inflammation [40] . These findings support an important role for inflammation in heart failure and suggest that mTOR is an endogenous suppressor of the inflammatory response. Further, inducible, cardiac-specific ablation of mTOR impaired the hypertrophic response and accelerated heart failure in response to pressure overload that was associated with increased expression of 4E-BP1 [41] . Combined deletion of mTOR and 4E-BP1 markedly improved heart function and cardiomyocyte survival following pressure-overload stress [41] . Thus, while it is clear that hypertrophic growth, a salient feature of the diabetic heart, involves increased protein synthesis, the underlying mechanism by which mTOR affects cardiac remodeling in the diabetic heart is unknown.
Abnormal Regulation of Energy Metabolism in the Diabetic Heart
Altered energy metabolism in the diabetic heart A growing body of evidence indicates that perturbations in cardiac metabolism and insulin resistance are among the earliest diabetes-induced alterations in the myocardium, preceding both functional and pathological changes [42] . Studies using isolated perfused-heart preparations, cultured cardiomyocytes, and positron emission tomography (PET) have uniformly demonstrated insulin resistance in human and animal models of the diabetic heart [43, 44] . Cardiac insulin resistance is associated with type 2 diabetes independent of coronary artery disease, hypertension, and changes in coronary blood flow [45] . In fact, insulin resistance develops in the heart of C57BL/6 mice as early as after 10 days of high-fat feeding, before the onset of insulin resistance in peripheral organs (i.e., skeletal muscle and liver) which occurs following 3 weeks of high-fat feeding [46] . Cardiac insulin resistance at this stage involved reductions in glucose uptake, Akt activity, and GLUT4 protein levels [46] . These findings indicate that diet-induced cardiac insulin resistance develops independent of alterations in systemic glucose metabolism and hyperinsulinemia. Further, cardiac insulin resistance in the early stage of obesity may be a physiological event when the excess lipid supply promotes increased lipid utilization and reduced glucose metabolism in the heart. However, a chronic state of insulin resistance and dysregulated metabolism may induce a pathological event involving cardiac remodeling and systolic dysfunction, which were observed in C57BL/6 mice after 20 weeks of high-fat feeding [46] . Similar observations were made in two commonly used genetic mouse models of obesity, leptindeficient ob/ob mice and leptin receptor-deficient db/db mice, which showed increased lipid oxidation, reduced glucose oxidation and insulin resistance at 4 weeks of age [47] . These metabolic abnormalities were associated with decreases in myocardial efficiency and left ventricular systolic function at 10 weeks of age in db/db mice [47] .
A prolonged state of high lipid oxidation in the diabetic heart may lead to functional derangements related to the accumulation of lipid intermediates, mitochondrial or peroxisomal generation of ROS, or excessive oxygen consumption [48] . Recent studies indicate that increased lipid oxidation may be causally associated with a reciprocal reduction in glucose metabolism in the diabetic heart [49] . The peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors that belong to the nuclear receptor superfamily, and of the three identified mammalian PPAR subtypes (α, γ, and δ), PPARα regulates nuclear expression of genes involved in lipid metabolism in the heart [50] . Transgenic mice with heart-selective overexpression of PPARα show increased lipid oxidation and concomitantly reduced glucose metabolism in the heart [51] . Heart-selective PPARα expressing mice also develop cardiac insulin resistance, and these metabolic derangements are associated with structural and functional changes resembling those of the diabetic heart [51, 52] . These findings support a causal link between increased lipid oxidation and reduced glucose metabolism in the diabetic heart.
Insulin resistance affects different cellular processes in individual organs
Insulin resistance, defined as the impaired ability of insulin to stimulate glucose utilization, is an early and requisite event in the development of type 2 diabetes [53] . Insulin resistance is also widely considered to be one of the main risk factors for cardiovascular disease. Accumulating evidence points to a causal role for obesity in the initiation and progression of insulin resistance, but the underlying mechanism remains in debate. It is, however, clear that in the obese, insulin resistant state, the heart receives an increased supply of nutrients (i.e., fatty acids and glucose) that challenge the metabolic capacity and efficiency of the working heart.
In skeletal muscle, insulin resistance involves reduced glucose transport and glycogen synthesis that results in blunted clearance of glucose following a meal (54) . In the liver, insulin resistance causes excess production of glucose through enhanced gluconeogenesis and glycogen breakdown which contribute to fasting hyperglycemia, a hallmark of type 2 diabetes (55). In adipose tissue, insulin resistance results in excess breakdown of stored triglyceride into fatty acids (i.e., lipolysis) which is responsible for hyperlipidemia in the obese state (55) . Insulin resistance in these organs is associated with defects in the insulin signaling pathway involving IRS-1, IRS-2, PI 3-kinase, and Akt [56] . In the heart, insulin resistance involves defects in insulin signaling, glucose transport, and glycogen storage in cardiomyocytes [46, 57] . In this regard, cardiac insulin resistance is comparable to insulin resistance in skeletal muscle, which is not surprising given the similarities between cardiac muscle and skeletal muscle. Obesity-mediated insulin resistance in both organs has also been attributed to Randle's glucose-fatty acid cycle [58] . However, it is widely believed that other mechanisms exist because defects in insulin signaling cannot be explained by Randle's hypothesis.
What then causes insulin resistance in the heart? A good starting point is to examine how insulin resistance develops in other organs.
Dyslipidemia and lipotoxicity as a cause of cardiac insulin resistance
Adipose tissue affects cardiac insulin sensitivity by releasing FFAs into the circulation, providing excess lipid for myocardial utilization, and leading to intracellular accumulation of triglyceride and lipid-derived metabolites [59] (Figure 2 ). Mice with muscle-specific overexpression of lipoprotein lipase, the rate-determining enzyme in the hydrolysis of triglyceride [60] , develop insulin resistance that is associated with increases in intramuscular lipid and lipid-derived metabolites [61] . The underlying mechanism involves activation of a cohort of serine kinases including protein kinase C (PKC)-θ, IκB kinase-β (IKK-β), cJun NH 2 -terminal kinase (JNK), and S6-kinase, that promote serine phosphorylation of IRS proteins [62] [63] [64] . These serine kinases may be activated by lipid-derived metabolites (e.g., fatty acyl CoAs, diacylglycerol, ceramide) [54, 65] . Serine phosphorylation of IRS-1 impairs insulin-stimulated IRS-1 tyrosine phosphorylation and PI 3-kinase activity. The inhibitory action of TNF-α on insulin signaling has been shown to involve TNF-α mediated serine phosphorylation of IRS-1 [66] (Figure 2) . In a recent study using a diet-induced obese porcine model, cardiac insulin resistance was due to increased Ser 307 phosphorylation of IRS-1 and reduced PI3-kinase and Akt activation [67] . In contrast, cardiac insulin signaling was not altered despite reduced glucose metabolism in early obesity in mice [68] . Despite these discrepant findings, excess myocardial lipid has been associated with systolic and diastolic dysfunction in obese animals and humans [69, 70] . While these results support a deleterious effect of excess lipid on cardiac insulin action, the role of serine kinases in the diabetic heart is unknown.
Mitochondrial dysfunction as a cause of cardiac insulin resistance
Mitochondrial dysfunction has recently been linked to insulin resistance in obesity and aging [71] . Cardiac abnormality in obese mice is also associated with a reduction in mitochondrial oxidative capacity and increased mitochondrial uncoupling, an event that raises mitochondrial O 2 consumption without parallel increases in energetics [72] . Obesitymediated alterations in mitochondria may involve impaired insulin signaling, excess generation of ROS, and activation of uncoupling proteins (UCPs) [73] . The UCPs are mitochondrial inner membrane proteins that regulate the mitochondrial membrane potential necessary for ATP synthesis. The UCPs dissipate the proton gradient by transporting the protons from the space between the inner and outer mitochondrial membranes back into the mitochondrial matrix [74] . Of the 5 identified UCP homologs, UCP2 and UCP3 are expressed in the heart, and there is evidence for their involvement in mitochondrial uncoupling [75] . Studies have shown that UCP activity and mitochondrial uncoupling are enhanced, possibly by superoxides, but cardiac energetics and efficiency remain impaired in the diabetic heart [76] . Insulin resistance and reduced myocardial insulin signaling also contribute to fatty acid-mediated mitochondrial uncoupling, as cardiac fibers isolated from mice with a cardiomyocyte-specific deletion of the insulin receptor show increased mitochondrial uncoupling upon treatment with fatty acids [73] .
Mitochondrial dysfunction affects cardiomyocytes in multiple ways. Because mitochondria control energy production, mitochondrial dysfunction may affect cardiomyocyte energetics and contractility [74] . Imbalance between mitochondrial uncoupling and lipid oxidation may enhance ROS generation and induce oxidative stress [75] . Myocardial uptake of fatty acids is increased as a result of an increased lipid supply in obesity. If mitochondrial oxidative capacity is reduced, possibly due to impaired insulin signaling, the myocardium may accumulate excess lipid and lipid intermediates that exacerbate insulin resistance and oxidative stress. Some studies have shown increased mitochondrial biogenesis in the diabetic heart, which may be a compensatory response to reduced mitochondrial function in cardiomyocytes [76] . On the other hand, myocardial activity of AMPK, which regulates mitochondrial biogenesis through activation of PGC-1α, is reduced in the heart of dietinduced obese mice [77] . Further, a recent study found that mitochondrial dysfunction may be a consequence rather than cause of insulin resistance [78] . Thus, while mitochondrial dysfunction clearly affects cardiac energetics and function, it remains unclear whether mitochondrial dysfunction plays a role in the etiology of insulin resistance in the diabetic heart.
Inflammation and cytokines as a cause of cardiac insulin resistance
Circulating levels of inflammatory cytokines, such as IL-6 and TNF-α, are elevated in obese, diabetic subjects, and the notion that type 2 diabetes has an inflammatory component is becoming widely accepted [79] . Adipose tissue was long considered to function mainly as a lipid storage organ. Recent evidence indicates that adipose tissue is an active endocrine organ capable of secreting hormones and cytokines (termed "adipokines") that modulate energy balance, glucose and lipid homeostasis, and inflammation [79] (Figure 3 ). In obesity, macrophages infiltrate adipose tissue in response to local chemokines, such as monocyte chemoattractant protein (MCP)-1 [80] . Macrophages are also recruited to adipose tissue in response to apoptosis and form a distinctive crown-like structure surrounding dead or dying adipocytes in obesity [81] . Further, adipose tissue macrophages play a pivotal role in obesity and inflammation-mediated insulin resistance [82] (Figure 3 ). Mice with adipocyte-specific overexpression of MCP-1 develop insulin resistance associated with increased macrophage infiltration in adipose tissue [80] . In contrast, mice deficient in C-C motif chemokine receptor-2 (CCR-2), which binds to MCP-1 and regulates macrophage recruitment, show increased insulin sensitivity with reduced macrophage levels in adipose tissue [83] .
TNF-α was the first inflammatory cytokine to be identified as a link between obesity and insulin resistance. Adipose mRNA expression of TNF-α was shown to be increased in several rodent models of obesity, and neutralization of TNF-α using a soluble TNF-α receptor-IgG chimeric protein improved insulin sensitivity in obese fa/fa rats [84] . TNF-α is shown to cause insulin resistance by suppressing IRS-associated insulin signaling and glucose transport activity in skeletal muscle [84] .
IL-6 is a multi-functional cytokine that is produced and released by a wide variety of cell types, including monocytes/macrophages, fibroblasts, and endothelial cells in response to infections or injuries, and it plays an important role in the regulation of the immune system. Recent studies have shown that a significant amount of IL-6 is produced in metabolicallyactive organs including the heart and adipose tissue, and the degree of obesity is strongly correlated with plasma IL-6 levels in humans [85] . The biological activities of IL-6 involve the recruitment of signal-transducing molecules, such as SHP-2 and signal transducer and activator of transcription 3 (STAT3), leading to the expression of suppressor of cytokine signaling (SOCS)-3. In addition to kinases of the JAK family, IL-6 activates multiple serine/ threonine kinases including JNK, p38 mitogen-activated protein (MAP) kinase, and PKC-δ. IL-6 causes insulin resistance by reducing IRS-associated insulin signaling and glucose metabolism [86] . The underlying mechanism involves IL-6 induced intracellular expression of SOCS-3 and subsequent inhibition of the insulin signaling network [87] (Figure 4) . In this regard, mRNA expression of Socs3 is elevated in the adipocytes of obese, diabetic mice, and IL-6 stimulates SOCS-3 expression in adipocytes [88] .
In obesity, inflammation also develops in liver and skeletal muscle and may play a role in insulin resistance in these organs [89] [90] [91] . Fatty acids have been shown to activate IKKβ and nuclear factor-κB in hepatocytes, increase circulating levels of MCP-1 and cytokines, and cause insulin resistance in rat liver [89] . Diet-induced insulin resistance in skeletal muscle is associated with increased macrophage infiltration and local cytokine production in skeletal muscle, and these effects are reversed by the anti-inflammatory cytokine, IL-10 [86, 92] . Skeletal muscle insulin resistance is also associated with inflammation in estrogen receptor α-deficient mice following a high-fat diet [93] . Obesity-mediated inflammation further develops in pancreatic islets and affects glucose-induced insulin secretion [94] .
These observations lead to an obvious question: is there an inflammatory event in the heart in obesity? In this regard, a recent study reported profound inflammation in the obese heart, with marked increases in macrophages, cytokines, and SOCS3 levels in cardiomyocytes following high-fat feeding [95] . Diet-induced inflammation was associated with reduced glucose metabolism in the heart [95] . These deleterious effects of inflammation on cardiac metabolism were mediated by IL-6, which was shown to promote local inflammation and cause insulin resistance in the heart [95] . This is consistent with a recent study showing JNK-mediated regulation of adipocyte IL-6 secretion and hepatic insulin resistance in mice [96] . Furthermore, obesity-mediated inflammation and insulin resistance are associated with defects in myocardial activity of AMPK, a critical sensor of energy metabolism in the heart [22] . Altogether, these findings implicate a potential role of inflammation and cytokines in cardiac insulin resistance (Figure 4 ).
ER stress and stress kinase signaling as a cause of cardiac insulin resistance
The endoplasmic reticulum (ER) is a specialized perinuclear organelle involved in the synthesis of secreted and membrane-targeted proteins. ER stress results from an imbalance between protein load and folding capacity that leads to the unfolded protein response (UPR) [97] . The UPR activates 3 major ER signaling pathways including the PKR-like endoplasmic reticulum kinase, the inositol requiring-1 (IRE-1), and the activating transcription factor 6 pathways [98] . In the obese state, intracellular lipid accumulation activates IRE-1 and stress kinase signaling by factors such as JNK1 [99] . Treatment with chemical chaperones such as 4-phenyl butyric acid or tauroursode-oxycholic acid has been shown to attenuate ER stress and to improve insulin sensitivity in diet-induced obese mice [100] . These observations implicate an important role of ER homeostasis in obesity and insulin resistance.
The 78-kDa glucose regulated protein, GRP78, also known as BiP (immunoglobulin heavychain binding protein) or HSPA5, is a key rheostat in regulating ER homeostasis [101] . GRP78 regulates ER function via protein folding and assembly, targeting misfolded protein for degradation, ER Ca 2+ binding, and controlling the activation of transmembrane ER stress sensors [101] . Mice with a heterozygous deletion of Grp78 were recently shown to be resistant to diet-induced obesity, which was due to enhanced energy expenditure [102] . Grp78-deficient mice were also more insulin sensitive following high-fat feeding [102] . The underlying mechanism involves activation of an adaptive UPR in response to obesity stress, which resulted in improved ER homeostasis in adipose tissue [102] . Furthermore, a molecular scaffold, kinase suppressor of Ras 2 (KSR2) was recently shown to regulate energy balance and glucose homeostasis, which was mediated by KSR2 regulation of AMPK [103] . In both cell culture and animal models, KSR2 deficiency results in impaired energy expenditure, reduced glucose and lipid metabolism, obesity, and insulin resistance [103] . These findings implicate an important role for ER stress and ER homeostasis in glucose metabolism.
The JNK signaling pathway is involved in the pathogenesis of obesity, insulin resistance, and type 2 diabetes [62] . In the obese condition generated by chronic high-fat feeding or genetic manipulation, JNK1 is activated and mediates downstream signaling events that target glucose metabolism [99] . JNK1 is known to promote the serine phosphorylation of IRS-1, and to inhibit insulin signaling transduction leading to insulin resistance [99] . Consistent with this, mice with muscle-selective deletion of JNK1 are protected from dietinduced insulin resistance and show increased Akt activation and glucose metabolism in skeletal muscle [104] . However, JNK1 plays a different role in liver as hepatocyte-selective deletion of JNK1 causes insulin resistance and hepatic steatosis [105] . In the brain, JNK1 is shown to regulate the hypothalamic-pituitary-thyroid axis as nervous system-selective JNK1 deletion causes a positive energy balance and enhances insulin sensitivity by increasing serum thyroid hormone levels [106] . These observations indicate that JNK1 exerts cellautonomous effects on glucose metabolism.
Concluding Remarks
With insulin resistance playing such a significant role in the pathogenesis of type 2 diabetes and related complications that affect the heart, it is important that we understand the underlying mechanism by which cardiac insulin resistance develops. Although the heart primarily utilizes lipid for energy, glucose becomes a critical energy source in the oxygendeficient state, such as in ischemia. Because endothelial dysfunction, atherosclerosis, and myocardial ischemia are characteristic features of type 2 diabetes [107, 108] , an impaired capacity to utilize glucose, as in the case of insulin resistance, may affect myocardial energy states and promote localized cell death. These effects may be exacerbated by obesityinduced inflammation and activation of stress kinase signaling. Indeed, the diabetic heart faces numerous stresses from hyperlipidemia, hyperglycemia, and inflammation, where insulin resistance may be a major intracellular event that predisposes the diabetic heart for its ultimate fate ( Figure 5 ). Thus, identifying new therapeutic targets to improve insulin resistance in the heart may be an important step toward treatment of diabetic heart disease. In obesity, insulin resistant adipose tissue releases excess fatty acids that promote increased lipid uptake and accumulation of lipid-derived metabolites, such as diacylglycerol, ceramide and fatty acyl CoAs. Lipid metabolites may activate serine kinases including protein kinase C (PKC)-θ, IκB kinase-β (IKK-β), cJun NH 2 -terminal kinase (JNK), and S6-kinase that causes a serine phosphorylation (Ser-P) of insulin receptor substrate (IRS). This in turn reduces insulin-mediated tyrosine phosphorylation (Tyr-P) of IRS, subsequent downstream insulin signaling proteins, such as phosphatidyl-inositol-3 kinase (PI3K), phosphoinositidedependent kinase (PDK), and Akt, and glucose metabolism. In obesity, adipose tissue inflammation also contributes to systemic insulin resistance. Macrophages and adipocytes secrete inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor (TNF)-α, that bind to respective receptors (IL-6R and TNFR) on target cell surface. This leads to activation of signal transducer and activator of transcription 3 (STAT3) which increases the expression of suppressor of cytokine signaling (SOCS)-3 that targets IRS proteins for ubiquitine-mediated degradation. These cytokines also activate JNK which promotes a serine phosphorylation of IRS proteins to cause insulin resistance.
Fig. 3. Adipose tissue is a major endocrine organ that produces hormones and cytokines
In obesity, adipose tissue causes insulin resistance by releasing excess fatty acids that lead to intracellular accumulation of lipid metabolites, ER stress, and mitochondrial dysfunction. This results in impaired insulin signaling and insulin resistance. Adipose tissue further contributes to insulin resistance by altered production of hormones (reduced adiponectin and increased resistin) that regulate AMPK, insulin signaling and glucose metabolism in other organs. In addition to macrophages, obese adipocytes also produce inflammatory cytokines, such as IL-6 and TNF-α, which cause insulin resistance.
Fig. 4. Obesity induces local inflammation in heart and causes insulin resistance
In obesity, a local inflammation in heart increases macrophage and cytokine levels, such as IL-6, that affect myocardial glucose metabolism. IL-6 activates STAT3-SOCS3 signaling pathway which suppresses IRS-associated insulin signaling and insulin-mediated glucose metabolism (insulin resistance) in heart. Inflammation and IL-6 also inhibit AMPK activity that reduces basal glucose metabolism in heart. Impaired capacity to utilize glucose during a physiological stress, such as ischemia, may contribute to insufficient cardiomyocyte energetics, cell death, cardiomyopathy, and diabetic heart failure.
Fig. 5. Diabetic heart faces many stresses
Meals high in calories and fat contribute to hyperlipidemia, and insulin resistance in liver causes hyperglycemia. Obesity-mediated inflammation increases serum cytokine levels, and obese adipose tissue releases excess fatty acids. These nutrient stress induce cellular events including increased lipid oxidation and ER/oxidative stress, mitochondrial dysfunction, reduced glucose metabolism, and insulin resistance in heart. Diabetic heart with impaired energy states is predisposed to ischemia-mediated injury that may lead to structural and functional abnormalities and heart failure.
